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HIGH VELOCITY TESTS IN A PENSTOCK 


Maxwell F. Burke* 
Associate Member, American Society of Civil Engineers 


SUMMARY 


Flow tests were made at relatively high Reynolds numbers in three coated 
steel penstocks at San Gabriel Dam, The results seem to extend the confir- 
mation of Nikuradse’s and von Karman’s smooth pipe curve to Reynolds num- 
bers as high as 3.8 x 10’. Additional measurements were made on velocity 
distribution in one penstock, and the results are compared with Prandtl’s and 
von Karman’s equations of velocity distribution, 


INTRODUCTION 


The Los Angeles County Flood Control District owns and operates a num- 
ber of dams and reservoirs within the District boundaries in Southern Cali- 
fornia. The reservoirs, though small for the tributary drainage areas, are 
operated during the flood season primarily for control or reduction of flood 
peaks. Toward the end of the flood season, the operation of the reserviors is 
gradually changed over to give more emphasis to conservation and storage of 


runoff for gradual release during the dry summer months, 

San Gabriel Dam, formerly San Gabriel Dam No. 1, located just below the 
main forks of the San Gabriel Canyon, lies about 25 miles northeast of Los 
Angeles. The reservoir has a capacity of 43,825 acre feet at elevation 1,453, 
which is the elevation of the overflow spillway. At this elevation, the static 
head on the outlet valves is from 236 feet to 248 feet. Details of the dam are 
included in a paper entitled “Design and Construction of San Gabriel Dam No. 
1,” by Paul Baumann, Member, American Society of Civil Engineers, appear- 
ing in Volume 107, page 1595, of the Transactions of the American Society of 
Civil Engineers. Further description of the dam and appurtenances will be 
limited to those features concerned with the tests being reported. 

Outlet works, consisting of trash racks, penstocks, and needle or gate 
valves are provided at all District reservoirs for flood and conservation re- 
leases. Due to the relative scarcity of water in the Southwest and the result- 
ant “water-consciousness” of the inhabitants and of engineers in particular, 
as well as the water rights involved, it is necessary to provice for accurately 
measuring and recording the amounts of water released from the reservoirs. 
In addition, these data constitute part of the records required to be kept by a 
public agency. At the majority of District reservoirs, such outflow records 
are obtained at weirs or gaging stations in the canyons below the dams. At 
San Gabriel Dam, this procedure was not feasible as the outlets discharge 
directly into the Metropolitan Water District’s Morris Reservoir. Conse- 
quently, the metering apparatus was installed in the penstocks leading to the 
needle control valves. 


*Civil Engineer, Los Angeles County Flood Control District 
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The outlet penstocks for San Gabriel Dam consist of four steel pipes of 
nominal inside diameters of 51 inches, 96 inches, and two of 123 inches, all 
taking off from a common 30-foot diameter tunnel. The general arrangement 
of outlets is shown on Figure 1. At the inlet to each penstock is a butterfly 
valve and vacuum relief valve, followed by a straight uniform section of pipe 
about 860 feet long on a slope of -.005 connecting to a venturi meter. Below 
the venturi meters, the pipes extend about 300 feet to balanced pressure nee- 
dle valves by which the flows are controlled. These needle valves discharge 
freely into the air and the jets end some 40 feet below in the upper reach of 
Morris Reservoir. 


OBJECTIVES 


The primary problem in this installation was to measure the outflow 
through each of these pipes at various rates of flow from about 100 c.f.s. toa 
possible 5,500 c.f.s., covering a range of mean velocities from six feet per 
second up to about 65 feet per second. For several reasons the throat-to- 
line diameter ratios of the venturi meters were designed from .82 to .93, and 
these ratios are outside the range for which test data was available to deter- 
mine the venturi coefficients. In order to obtain proper values of the venturi 
coefficient so that flow recording apparatus could be designed, the venturis 
had to be rated in place. 

An important result of the rating of the venturi meters was anticipated to 
be the determination of the friction factor in the straight run of pipe leading 
to the venturi meter. Every effort was made to reduce the friction losses in 
the penstock by using flush rivets, grinding down welds and providing a special 
enamel lining. This lining was applied hot by a centrifugal spinning process 
in the shop and resulted in an exceptionally smooth surface. Field joints 
every 40 feet were coated with hot enamel by hand, It was anticipated that 
experimental values of friction factors could be determined for Reynolds num- 
bers about ten times the values previously available. Repetition of friction 
factor determinations would also indicate what deterioration might occur in 
the lining. 

Velocity traverses within the pipe, besides affording a measurement of 
flows, would serve as a means of checking some theoretical velocity distri- 
bution curves at high Reynolds numbers. The possibility of obtaining some 
data indicating the thickness of the laminar boundary layer was also con- 
sidered, 


Gaging 


Since practically all data derived from the tests would be dependent upon 
the basic determinations of flow rates, three different methods of flow deter- 
minations were used, These methods consisted of volumetric gaging, color 
prism velocity, and pitot velocity measurements. All three methods were 
used on the 51-inch line, the volumetric method successfully used on the 123- 
inch line and the pitot method unsuccessfully, and no gagings made on the 96- 
inch line as the needle valve had been dismounted from this line and the line 
could not be operated at less than full discharge. 


Volumetric Gaging, 51-Inch Line 


The first serious attempts at gaging were made following the wet season 
of 1938 when conditions in the reservoir were satisfactory for volumetric 
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gaging. Furthermore, discharges could be made within rather broad limita- 
tions with respect to rates and durations due to the water situation then ex- 
isting. Advantage was taken of this opportunity to obtain data for rating the 
51-inch outlet and getting data for the venturi coefficient to be incorporated 
in the recording equipment, 

Instrument surveys were made of reservoir contours at elevations 1,380 
and 1,390, and the areas for these two contours computed, Variations in 
water surface during the test periods were from 1,375 to 1,385. A section 
of area curve was drawn through these two known points parallel to the orig- 
inal capacity curve and increments computed for the range of water surface 
elevations during the test period. 

During the test period, frequent measurements were made of inflow to the 
reservoir from the two forks of the river. At the end of the test period, all 
dam outlets were closed for a period of sixteen hours and the total inflow 
determined from accurate water surface elevation changes. Subtracting the 
gaged inflow from the total inflow gave a figure for the ungaged inflow which 
was used in connection with the test data. 

Tests were made at six rates of flow varying from 143 c.f.s. to 498 c.f.s. 
Durations of test runs were from one hour to three days, governed principally 
by requirements of water rights and storage. Continuous records of water 
surface elevation were made by visual observations of two micrometer point 
gages at different locations in the reservoir. Differential heads on the ven- 
turi meter were recorded by a differential pressure recorder whose calibra- 
tion was checked in place against a water column. 

The following tabulation shows the result of the six volumetric tests on the 
51-inch by 42-inch venturi meter with the venturi meter coefficient computed 
from the standard formula: 


72 hrse 143.1 cefes. 10.19 ft./sec. 
48" 337.0 " 

305 26.5 * é 
39.4 
514.2 " " 

498.6 " 


Average 


During Test No, 3, a breeze started up which rendered the reservoir gage 
readings questionable. Omitting that determination, the average coefficient 
is .989. 

Subsequent to the obove tests, the reservoir surface was dropping and 
accumulated debris at the upper end of the reservoir was being carried into 
the reservoir, changing the area and capacity curves to such an extent that 
it was considered unproductive to continue volumetric tests, 


Volumetric Gaging, 123-Inch Line 


Rating data are not so numerous for the 123-inch line as for the 51-inch 
line. Volumes of water involved in testing the larger outlet are too large to 
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be available for extensive testing where water is scarce, However, three 
volumetric tests were made on the east 123-inch line in the year following 
the volumetric tests on the 51-inch line. 

During these tests, accurate water surface elevations were recorded by 
special open scale water stage recorders in both the San Gabriel Reservoir, 
from which the water was drawn, and Morris Reservoir into which the water 
was discharged, Inflow measurements to San Gabriel Reservoir and outflow 
measurements from Morris Reservoir were made during the test period and 
continuous records maintained. Differential pressures on the 123-inch by 
114-inch venturi meter were recorded with the same differential pressure 
recorder used in tests of the 51-inch line. It was apparent from an inspection 
of the reservoir area above San Gabriel Dam, dewatered during these tests, 
that the area and capacity curves surveyed for the 51-inch line tests had ma- 
terially changed due to migration of very large volumes of debris deposited 
in the upper reaches of the reservoir. Consequently, data from this reser- 
voir were discarded for test purposes, as possible errors up to 15 per cent 
might be present. However, Morris Reservoir had been spared the same 
degree of debris accumulation and its capacity curve was used for the rating. 

The results of the three volumetric ratings are listed below with the ven- 
turi coefficient computed from the data. 


Test No. Duration Discharce Line Velocity Venturi Coefficient 

1 1.5 hrs. 3,39 c.f.s. 41.33 ft./sec. 2963 

2 2 " 2,63 * 32.08 0966 

3 4 " 1,404 " 17.09 " _-968 
Average 


It is believed that the results listed above are subject to a maximum error 
of 2 per cent due to possible error in the storage curve of Morris Reservoir. 
Other errors entering into the volumetric rating are of smaller magnitude. 


Color Prism Gaging 


Although the volumetric ratings apparently gave results which were satis- 
factory for the purpose of designing the venturi recording instrument, the 
volumes of water concerned were such, particularly in the case of the large 
penstocks, that volumetric calibration tests would be severely limited by 
availability of water to use in this way. A gaging system which required only 
a fraction of the time required for the volumetric tests, and hence only a frac- 
tion of the water discharged, was desirable, and the color prism method of 
gaging was attempted. 

The 51-inch line was used to develop the color testing technique with the 
intention of subsequently applying the technique to the larger line. To date, 
the only color prism test data available are on the 51-inch line. 

Preliminary tests indicated a number of improvements required on the 
initial installation before adequate measurements could be made. Potassium 
permanganate was found to be an unsatisfactory dye, since its color could not 
be readily picked up in the outlet jet. Fluorescein was very satisfactory, and 
could apparently be easily identified in the jet. Attempts to bleed off color 
samples at various points along the line were not successful as the color 
change could not be easily identified. In the jet, however, the white envelope 
caused by air entrainment around the jet changed to a bright green with the 
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passage of the coloring matter. Both ends of the color prism could be fol- 
lowed from the valve outlet into the Morris Reservoir pool, 35 feet below. 
Injection of the coloring material was made just below the butterfly valve. 
An injection consisted of a pint of fluorescein solution entering the pipe 
through a one-half inch quick opening cock under a net pressure of 200 pounds 
per square inch. The opening of the cock was evidenced to the timers at the 
outlet by an electrical contact on the cock handle setting off a photo flash 
bulb near the timers. Timing was done by four observers operating 0.1 sec- 
ond timers which recorded the times of both ends of the color prism as they 
entered the lower reservoir surface. Timing corrections were made for in- 
jection time, acceleration through the venturi meter, length and center of 
gravity of the color prism (computed as a paraboloid) and time in the free 
jet. Final results of the color prism tests are listed below. 


Discharge Line Velocity Venturi Coefficient 


101.8 c.f.s. 7.25 ft./sec. 
150.6 " ad 
196.8 " 
30,.0 * " 
403.7 +" " 
445.2 * " 


Average 


Two complete determinations were made at each flow rate, and four ob- 
servers recorded times. It will be noted that the color prism determinations 
agree with the 51-inch volumetric determinations within about 1 per cent, in 


terms of the venturi coefficients. 
Pitot Gaging 


The third gaging method consisted of velocity traverses on two diameters 
of the 51-inch line by pitot tube. A description of this installation will be 
given later in connection with a discussion of velocity distribution in the 
pipe. Fifteen complete sets of gagings were made on flows ranging from 98 
c.f.s. to 435 c.f.s., and the results are tabulated below. 


FON 


w 


Average 


Ga-6b .979 a 
Ta-7b 0977 
963 
Ja-9b 
10a-10b 0962 
sla-ilb 2983 
- 
st pt scharce, Saf ais I Venturi Coeffi ci ent ae 
a 124.9 8.89 2929 
143.3 10.55 +952 
161.4 11.49 +950 
: 198.8 14.15 941 
238.3 16.96 2986 
252.9 18.01 
298 .3 21.24 
326.2 23.22 -978 
376.3 26.79 a 
= 423.9 30.18 2264, 
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In summary, three methods of gaging the discharge through the 51-inch 
line gave the following results in terms of the venturi meter coefficient: 


Volumetric 966 
Color Prism 977 
Pitot 


Average 974 


Attempts to make pitot gagings in the 123-inch line gave only fragmentary 
results due to mechanical difficulties. Consequently, the three volumetric 
tests on this line giving an average venturi meter coefficient of .966 must be 
relied upon for flow determination. 


Friction Tests 


The penstock installations at San Gabriel Dam offered certain very advan- 
tageous features for making friction tests. Among the advantages are the 
860 feet of straight uniform pipe section from the butterfly valve to the ven- 
turi meter, the exceptionally smooth surface obtained by the enameling of the 
inside of the pipe, the possibility of rating the venturi meters in place, the 
permanently installed recorders on the venturi meters for recording flow 
rates, the control of rates of flow afforded by the needle valves, and the high 
values of Reynold’s numbers to be expected at maximum discharges. Dis- 
advantages are primarily due to the normal scarcity of water available for 
test discharges, and the limitations on durations and rates of flow which can 
be set by the District. 

Prior to installing the test equipment, the pipes were dewatered and in- 
ternal diameter measurements made in place. Measurements were made in 
each pipe on four diameters at stations 100 feet apart along the pipe axis. 
Measurements were made with a specially constructed micrometer which was 
calibrated before and after the measurements. The mean diameters thus de- 
termined were 50.748 inches, 95.753 inches, 122.737 inches (East 123-inch 
pipe) and 122.712 inches (West 123-inch pipe). It is apparent that the desired 
1/8-inch coating was very closely approximated. 

The reach selected for friction test purposes lay in the uniform straight 
reach of the pipes and extended 700 feet upstream from the inlets to the ven- 
turi tubes. Pressure taps were installed in each of the four pipes at points 
500 feet and 700 feet above the venturi meter, and these pressure taps were 
connected to a common manifold of quarter inch copper tubing. This mani- 
fold connected to the high pressure sides of a differential pressure water 
manometer and a differential pressure recorder, The low pressure sides of 
these two instruments connected through a manifold to the upper piezometer 
rings of the venturi meters, Valves were provided so that the pressure drop 
in either the 500-foot reach or the 700-foot reach of any of the four penstock 
pipes might be measured. 

Regulation of flow was obtained by varying the percentage opening of the 
needle control valves at the ends of the pipes. No regulation could be effected 
on the 96-inch line because the needle valve had been removed. Steps in valve 
openings were generally 10 per cent increments except for the west 123- 
inch line for which all steps were in 20 per cent increments. The flow rates 
were obtained from the venturi meter recorders which were tested for record- 
ing accuracy immediately preceding the test period. 

The results of two series of test data are tabulated below and are shown 
graphically on the attached figures, Figures II and III. 
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East 123-inca Line - 500 foot _test lencty 
wifferential Pressure ine R 


f 
Recorder Manometer Velocity Manning's Reynold's Resistance 


lumber 


11.63 48.66 00873 3.44900" 
11.61 48.38 3.428 " 
10,22 46.92 36329 
9.85 36 3.143 
3.6u 41632 682 2,928 
6.99 36.94 2.618 
Sell 30.73 20175 
5019 30.25 3 2.156 
3.07 23.31 1.652 
1252 15.33 1,086 


Measured mean diameter of line e i0.226 ft. 
Water temperature - 5U.5°F, 


* ata considered auestionable - not used for plottinz on curves, 
123-inen line - 50U foot test lenzth 


11.90 49017 30751x107 
11.33 49.05 3.741 " 
11.20 47.53 3.645 " 
10.15 45064 3.451 
3.97 42.36 3.231 
37.97 2.396 
5016 31.22 2.361 
e27 23.49 1.792 
1.46 16.07 1.220 
0. 34, Te 30 0. 557 


123-inean line = 700 foot test lenct! 


17.04 4917 
17.67 49.05 
16,31 47233 
15.32 45064 
23033 42436 
10.79 37.97 
769 31.22 

7232 31422 

2 234 
1.92 2304) 
0.52 7230 
leasured mean dianeter of line ew .0,225 feet 


Water temperature 55.5 °F. 


—— —Tactor 
4,000 00648 
3975 00653 
3°60 0064, 5 
3645 * 0U659 2 
3395 200663 
3035 00674, 
2525 00712 
200712 
1915 00743 
4,90 0.611 * 7 
& 
Cast 
4,040 
4,030 20064 
3930 0064 
3730 20064 
34,50 20066 
3120 +0006 
2565 
2565 
1930 20076 
1320 20074, 
: 20083 
{ 
00903 3.7510’ 
00900 3.741 " 0069 
200900 3,643 " 0069 
20090, 3.451 " 
.00909 2.098 * 0070 
2009%, 2.301 " 
001035 06557 " 0092 
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ere ure 
Recorder Manometer 
11.97 
11.30 
8.85 
5e2l 
1.49 


700 foot test lencth 


18.32 

17.50 

13.82 

7.92 
2.25 


Measured mean diameter of line 


Velocity Manning's 


\ 


line 400 foot test len 


Line 


Lts/sece 


49.92 
42.9 
31.47 
16.44 


49292 
48.64, 
42.98 
31047 
16.44 


Water temperature - 55.5 T. 


5l-inch line = 500 foot test lenrth 


19.86 
6.19 
16.64 
13.86 
10.15 
€.75 
3.69 


31.54 
30.04 
26.76 
26,20 
22,21 


Water temperature - 50.5°F, 


500 foot test lenrth 


24093 
23.97 
23.27 
18,26 
12.0%, 
7.12 
2.72 
1.04 


Water temperature - 


55e 


297-8 


N 


200861 
00855 
200859 
200901 
200922 


R 
Reynold's Resistance 
umber. __ Factor 
3.807x107 
3.709 " 20063 
3.275 20063 
2.400 20069 
20073 
3.607x10 
3.709 0070 
3.278 " 20070 
2.400 " 20075 
200728 
9.52x10° .00972 
9.07 " ~01097 
6.65 " 201094 
7.91 * 201098 
6.70 " 201227 
5.42 * 201141 
4.32 " 201103 
415 * 20112. 
3.09 " 201071 
20.074 
1.62 " 20.168 

11.74210° 01049 
11.44 " .01063 
11.20 " 201077 
10.58 " 088 
9.09 " 20.084 
8.15 * 201043 
6.41 " 201004 
545 * 00995 
4.03 " 00972 
2.29 " 201151 


4100 

3995 

3530 

2525 
1350 

4100 00899 

3995 00902 
3530 200908 

2585 00932 

1350 200956 

10.226 fect 

4,04, 00978 
365 200930 

252 17.6% 200999 
201 00982 

.93 13.74 00990 
14h 2.07 10,25 00963 
1.99 10,04 200969 

35 6.03 01010 

505 35095 00958 

455 32.39 00976 
425 30.29 ,00974 

234 16.69 .00934 

173 12.3% .00922 

— 


700 foot test lencth 


2itferentia. Pressure Line R f 
Recorder Manometer Velocity Mannincss Reynolds Resistance 
factor 


«00986 
-0094,7 
200952 
200972 
2010. 3 
201035 
«01000 
200963 
-O1074 


Water temperature - 55.5°F, 
Measured mean diameter of line = 4.229 feet 


N in Manning's forma 1,486 
Vv 


R (Reynolds number)= 


f (Resistance factor) = —L, 


Manning’s n 


The curves of Manning’s n versus line velocity for the 51-inch pipe exhibit 
a certain peculiarity of shape which is not consistent with the basic assump- 
tion of n being a constant for a given quality of surface. With the exception of 
the single point on each set of test data which represents the smallest veloc- 
ity, the general tendency is for the point to form a curve concave downward. 
However, for designing on the basis of Manning’s n, it is believed the location 
of the curves is of more importance then their shape. Omitting the first 
three points as being most subject to error (due to the small head loss in the 
test reaches) the average of all other points is .00945. Variations from this 
average are about 5 per cent maximum. Within this variation, a design value 
of .0095 should be satisfactory, and a value of .010 should be safe. These val- 
ues correspond with the lower ranges of N recommended for brass and glass 
pipe. 

A similar plotting of Manning’s n versus line velocity for the 123-inch 
pipes discloses somewhat the same characteristic for the individual curves, 
except that each individual test curve shows a general tendency toward a de- 
crease in n with an increase in velocity. Again omitting the two values for 
velocities of about 7 feet per second, ’the average of the remaining points is 
-00901 with maximum variations of + 10 per cent and - 5 per cent, 

Since both sets of data, 51 inch and 123 inch, exhibit a general tendency 
for decrease in n with an increase in velocity, straight line curves were com- 
puted for both sets of data by the least squares method and the resulting lines 
are shown on the graphical presentation, No data below a velocity of 10 feet 
per second were used in the computations. 


4 
503 32.6 33.95 00929 1.74x10° 
492 29.9 35203 00091011644 " 
432 23.8 34029 .00912 11.20 " 
435 2b 42h, 32.39 00922 10,58" 
425 23.92 30.29 200941 9.89 " pit 
351 16.72 24296 200955 8.15 
234 7017 16.69 200935 
173 3077 12.34 200917 4.03 " 
99 1.36 7.01 200970 2.29 * 
if 
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Pipe Friction Factor f vs. Reynold’s Number 


On page 83 of the late Professor Bakhmeteff’s “Mechanics of Turbulent 
Flow,” printed in 1936, the equation for smooth pipe friction factor obtained 

by von Karman is given as 1 A‘ B, log (RVD), — 
Darcy friction factor, R is the Reynold’s number and A' f and B, are constants. 


This analytically derived equation was verified by Nikuradse’s data, with the 


constants having the values A's = -0.8 and By = 2.0. This equation is plotted 


on the graph of present test results. See Figure III. 

From the plotting of the 123-inch pipe friction factor against Reynold’s 
number, it is apparent that within the range of observational data the 123-inch 
line acts as a “smooth” ‘pipe. This conclusion is based on the general group- 
ing of data points around the von Karman smooth pipe curve. Although the 
data show some spread on both sides of the curve, there is no apparent tend- 
ency toward a systematic departure. Hence, a comparison with other pipe 
friction data should be limited to the range where the pipe acts as “smooth.” 

Nikuradse’s smooth pipe data extended from 2.8<log (RVf)<5.5 and 
4.7< 1 <10.2. The present data extend from 5.7<log (RYf)<6.5 and 


10.4 < 1 < 12.6. It is obvious that the present data cover a range only 1/3 as 


great in the log (R yf) direction and only .4 as great in the or direction, so 


the determination of the constants in the equation from the present data would 
not be expected to be as accurate as from Nikuradse’s data, However, .a 
least squares determination was made of the constants, using all the data from 
the 123-inch and the following equation determined: 

1 


= 0.27 + 1.85 log (Ryf 
(RY‘) 
The variation from Nikuradse’s constants is: -7}% for B, and + 134% for 


A’ Since it is considered that the value of By is in the nature of a universal 


constant for both smooth and rough pipes, and since the range of the present 
data is too small to give better than an approximation to the value, and furth- 
ermore, since the difference irom Nikuradse’s data was only 74%, it was con- 
sidered that Nikuradse’s value of 2.0 would give a satisfactory representation 
of the District’s data. Using this value of 2.0 for By, the value for A‘ from 


the present data was determined to be -0.66. This corresponds quite closely 
with Nikuradse’s value of -0.8. As a matter of fact, any of the three curves 
passes through the mid-portion of the spread of data points. 

It can be concluded that the present data was provided a substantial exper- 
imental verification for the extrapolation of the von Karman or Nikuradse 
smooth pipe equation to values of Reynold’s number up to approximately 3.8 
x 10’ from previously published high values of about 3 x 10°. 

The 51-inch pipe data apparently differs from the 123-inch pipe data, 
branching off from the smooth pipe curve and showing a distinct tendency to 
level off in the plotting of f vs. R. The conclusion is, following Nikuradse’s 
results, that at least the higher Reynold’s numbers the 51-inch line is acting 
as a “rough” pipe. It is likely, again being influenced by Nikuradse’s data, 
that the present experimental data cover the transition from “smooth” to 
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“rough” characteristics and extend some distance into the “rough” region, 
Nikuradse obtains as the resistance equation for “rough” pipes the expression 
ian = Ay + B; log re . It will be noted that the resistance factor is in- 
dependent of the Reynold’s number and depends entirely upon the ratio of 


pipe radius .,. to height of roughness elements e (assuming Ay and By as con- 
stants), Thus, for one pipe, which necessitates a single value of ome the 


friction factor should be constant, providing that the Reynold’s aumber is 
greater than the minimum value at which the pipe acts as rough. 

Since we have experimental data on only one pipe acting as ‘rough’, it is 
not possible to determine the values of Ay and By from our test data. How- 


ever, some interesting indications may be derived, 

Assuming that throughout the range of tests the 51-inch pipe consistently 
acted as rough, then the value of f should be constant, and the most probable 
value is the mean of the observed values, or 0.01054. If it be further as- 


sumed that Nikuradse’s rough pipe equation, ir = 1.74+ 2.0 log “a holds 


true for our pipe, then it is possible to determine the value of “2 for our mean 


value of f. This value turns out to be 10100 and since the pipe radius is 2.114 
feet, the value of e is found to be 0.0025 inches. This means that the apparent 
height of roughness elements in the 51-inch pipe to the scale of Nikuradse’s 
sand grain roughness is about .002 inches, The minimum e value tested by 
Nikuradse was .0039 inches. 

The explanation of why one and the same pipe can display either *smooth” 
or “rough” characteristics lies in a consideration of the relative dimensions 
of the roughness element height and thickness of the zone of laminar flow 
which exists adjacent to the pipe wall. If the laminar zone is thick enough to 
cover the tops of the roughness elements, then the pipe will act as smooth, 
However, if the laminar film becomes thin enough so that the roughness ele- 
ments project above it, then they add their turbulent effect to the flow, and the 
pipe acts as rough. 

From Rouse, *Fluid Mechanics,” page 243, the thickness of the laminar 
layer may be taken as the location of the intersection of the velocity distri- 
bution curves in the laminar and turbulent zones, which results in the equa- 
tion a@=11.6y = 11.6v inwhich is the thickness of the laminar 


T 
Ap 


film, v is the kinematic viscosity of the fluid, V is the mean velocity of 
flow, and f is the friction factor. 

For the smallest velocities in the 51-inch pipe, and the average value of 
f, a turns out to be about .0064, or about two and one-half times the apparent 
height of the roughness elements, According to the concept of rough and 
smooth pipes noted above, the pipe should be acting as smooth at the lowest 
velocities, 

For the maximum velocities and the average value of f, the value of ais 
computed to be .0012 inches, or about one-half the apparent height of the 
roughness elements. At these velocities, then, the pipe should be acting as 
rough, Somewhere between these extremes of data, there should be atransi- 
tion zone from smooth to rough characteristics. This is qualitatively sub- 
stantiated by the trend of the f vs. R data points, 

It must be borne in mind that the above computations on e are ficitious, 
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since they are based on the relation between friction factor and height of sand 
grain roughness elements determined by Nikuradse. A visual inspection of 
the pipe lining indicates a very smooth surface texture with no indication of 
discrete roughness projections such as would be formed by sand grains. Var- 
iations in the surface appear to consist of small gradual changes in pipe dia- 
meter which would cause the surface to be characterized as “wavy” rather 
than *rough.” In order to obtain direct information on the surface character- 
istics, a series of measurements were made. 

A profilometer was constructed capable of taking a profile of the lining 
parallel to the pipe axis for a length of sixteen inches. Measurements along 
the profile could be read to one-hundredth of an inch. Variations of the pro- 
file in a direction perpendicular to the pipe wall were measured with a dial in- 
dicator reading to one-thousandth of an inch. Six sample profiles were taken 
within the friction test reach in the 123-inch line and four in the 51-inch line. 
One profile in each line was taken across the location of a circumferential 
weld, while the remaining profiles were representative of the regular surface. 

The general shape of the eight regular-surface profiles was a curve rising 
(or falling) to a single maximum between the ends of the profile. In three of 
the eight profiles, a second rise began within the gage length. Variations 
from a smooth curve through these “waves” was not more than .002 inches, 
In the 123-inch line the maximum height of the profile was .018 inches above 
a straight line joining the two ends, while the minimum was .004, with an 
average of .010 inches for the five profiles. Similar figures for the 51-inch 
line were .008 inches, .004 inches, and an average of .005 inches for the three 
sections. The profilometer was not long enough to detect any regularity of 
recurrence of these “waves”, The average length of the “waves” was 13.75 
inches, 

In the fabrication of the pipe lines, steel sheets were rolled into cylinders 
eight feet long, welded longitudinally and then five cylinders butt welded to 
make a forty-foot section of pipe. On the inside of the pipe, all welds were 
ground down flush before the lining was applied. However, across each cir- 
cumferential weld there is some variation from a straight line, In the 123- 
inch line, the profile measured across the weld showed a rise of .047 inches 
above the straight line joining the two ends of the profile. In the 51-inch line 
the comparable figure was .024 inches. The length of pipe influenced by these 
weld variations is about eight inches or about 8 per cent of the pipe length. 

On the basis of the above measurements, the variations in surface profile in 
the 123-inch are about twice those in the 51-inch line. 

Some negative information as to the application of Nikuradse’s rough pipe 
law to the present measurements may be obtained from the following consid- 
erations. If it be assumed that Nikuradse’s law of roughness applies to the 


surfaces under consideration and that the constants Ay and B; in the law are 


the same as he obtained, and further, that the 51-inch pipe is exhibiting 
rough characteristics through the range of data obtained, then the absolute 
height e of roughness elements computed for the 51-inch line is .0025 as 
previously determined, This value is about the same as the maximum devia- 
tion of the wave profiles from a smooth curve and was found to be the same 
for both pipes, This value should then apply to the 123-inch pipe as well. 
With this value of e and the known pipe radius, the value of f at which the 123- 
inch line should act as rough is computed as .0090. The fact that the values 
of f for the 123-inch line do not level off at this value, but continue to de- 
crease along the smooth pipe curve down to average values of .0067, indi- 
cates that all of the assumptions set forth above are not fulfilled. If the 
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mean heights of the wave profiles, .005 inches and .010 inches for the 51-inch 
and 123-inch lines, are used as the effective roughness height e, then the 
computed values at which f should be constant are .0119 and .0115, respec- 
tively. The indications from the above failures to correlate the data from 
the two lines to the roughness law of Nikuradse are that either the data is 
inconsistent or that Nikuradse’s roughness law does not adequately express 
the roughness relation exhibited by the two pipes. It is believed that the sur- 
faces reported are primarily of the “wavy” type rather than the “grainy” or 
“indented” type prepared by Nikuradse, In this case, it is possible that a 
change in constants A, and B, might be required, a change in form of the 
law might better fit the “wavy” surface, or that a combination of two laws, 
one for the microscopic surface texture and one for the macroscopic surface 
profile, would be required to fuliy explain this type of surface. However, the 
data available are not adequate to confirm any of these conjectures. 


Conclusions On Friction Test Results 


Results of the friction tests indicated that the care taken in fabrication 
and lining the outlet pipes produced one major desired result - the attainment 
of a very favorable value of Manning’s n, In the 51-inch line, reliable test 
values lie between .0090 and .0098 with an average of .0095. In the 123-inch 
line, reliable test values ranged from .0086 to .0099 with an average of .0090. 
These average values are below the best values recommended for design of 
coated cast iron pipe and lie in the low range of values recommended for 
brass and glass pipe. 

In the correlation of friction factor with Reynold’s number, test results 
were obtained at values of Reynold’s number about ten times as high as pre- 
viously published data, The general grouping of 123-inch data about the ex- 
trapolated smooth pipe friction curve gives verification of the curve beyond 
previously tested limits. The data for the 51-inch pipe seems to show that 
even a very smooth surface will act as a “rough” surface at high enough val- 
ues of Reynold’s number. 

An analysis of the test data indicated that the surfaces concerned do not 
conform to the rough pipe law of Nikuradse, and that a change of constants, 
or possibly a new law, might serve to express the roughness of surface which 
may be classed as “wavy.” 


Velocity Distribution 


The operation of pitot equipment in the 51-inch line for gaging of flows 
resulted in data sufficient to produce velocity patterns for flows at a limited 
range of Reynolds numbers. Since some of the installation and operation 
features may be of special interest, they will be described somewhat in detail. 


Pitot Installation 


Preliminary investigation indicated that an unsupported pitot probe, can- 
tilevered from the pipe wall, would not be entirely staisfactory for operation 
at the expected velocities of over forty feet per second. Consequently, a 
structure was installed in the pipe to support the pitot tubes in their traverses 
across the pipe. This support structure was in the form of a cross with arms 
set on pipe diameters 90° apart. See Figure IV. The support members were 
solid rods one inch in diameter clamped together where they crossed at the 
center line of the pipe. Stream-lined fairing was brazed to the trailing edge 
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of each support, On the leading edge of each support, a slot was milled to 
carry and guide the pitot tube and head, See Figure V. The pitot tubes were 
made of 3/16-inch tubing fitted with a square head at the probe end. The 
square head carried a pitot tip made from a No, 20 hypodermic needle (OD 
.043 inches, ID.023 inches) which extended one inch upstream of the support 
members. The square head sliding in the milled slots served to keep the 
pitot tip lined up parallel to the axis of the pipe. On the upstream support, 
the pitot tube could traverse the full pipe diameter, but separate pitot tubes 
were installed on the downstream support to traverse from the pipe walls to 
the center. 

On the outside of the pipe, the pitot tube came through a packing gland and 
was connected through a water trap to a flexible tube. See Figure VI. The 
entire installation was placed close to a concrete pier supporting the four 
penstocks, and the pier was used to anchor an angle iron serving as a guide 
for the pitot tube. A micrometer arrangement was provided to measure the 
first three inches of travel from the pipe wall, while the balance of the distance 
was measured by steel rule or tape. 

Transmission of pressure from the pitot tips to the pressure measuring 
equipment was made by gas instead of the usual water columns, Three ad- 
vantages were thus obtained - the elimination of a long water column of high 
inertia tending to give surging readings, the elimination of possible air -bub- 
bles in the transmission line with consequent inaccuracies in pressure read- 
ings, and the development of a pitot coefficient of 1.00. This unity coefficient 
had been previously established for this gas-operated type of pitot tube by the 
National Bureau of Standards and by the National Advisory Committee for 
Aeronautics for velocities up to 60 feet per second, 

Commercial nitrogen was selected for use in the pitot equipment for its 
low solubility in water and its safety features. The diagram shows the meth- 
od of gas transmission. See Figure VII. The gas is brought successively 
through a pressure regulator, an adjustable needle valve to control the amount 
of gas flow, a sight feed glass to visually equalize the gas flow in the two legs 
and then to the pitot tube or to the piezometer connections. Cross connections 
were provided so that gas under high pressure could be used to blow the lines 
clear of any water which might have gotten into the pressure transmission 
system, Static pressures from the pipe line were taken from four wall piezo- 
meters connected to a common manifold. 

Static pressure from the piezometer, and static plus dynamic pressure 
from the pitot tip are transmitted by the gas to opposite sides of a differential 
pressure manometer and differential pressure recorder, the manometer util- 
izing water or mercury as required. The manometer readings, after suitable 
corrections, thus indicate velocity head at the pitot tip location. 

About forty velocity determinations were made in each quadrant for each 
of fifteen rates of flow. Readings were taken at .05 inch increments of dis- 
tance from the walls for the first inch, .20-inch increments for the second 
inch, .50 inch increments for the third inch and by.1 and .2 foot increment on 
to the center of the pipe. 

The final velocity readings were plotted up against radial distance for each 
quadrant and a smooth curve drawn for the velocity variation in each quadrant. 
Velocity values were read back from these smooth curves for every 2 per 
cent of the radius, averaged for the four quadrants, and the total Q determined 
by summing up the products of the mean velocities and the annular areas rep- 
resented by each mean velocity. 
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Test Results 


The general form of the velocity distribution curves for fully developed 
turbulence has been developed on a theoretical basis by von Karman, and a 
simpler form of the equation suggested by Prandtl. The two expressions are: 


To 


von Karman: Vm-V -1 In (1- 1 -y) +1 
V K 


Prandtl: Vm-V 1 r 
y 


In these equations Vm is the maximum velocity at the center of the pipe. 
V is the velocity at any point in the pipe. 
V is the *friction” velocity, equal to Vave. vt78 
To is the radius of the pipe. 
y is the distance from the pipewall to the center 
of the pipe along a radius and defines the point 
where V is obtained. 
Vave, is the mean velocity of flow. 
f is friction factor corresponding to Vave. 
These dimensionless equations give the ratio of the “velocity deficiency” 
(difference between maximum center line velocity and velocity at any point) 
to the “friction velocity” in terms of the relative distance from the wall to 
the center of the pipe. The theoretical equations have been confirmed ex- 
perimentally by Nikuradse’s tests which agree with Prandtl’s equation as 
well, if not better, than with von Karman’s equation. 

In fully developed turbulent flow with the 51-inch pipe acting as rough, the 
value of f should be constant and a single curve should contain all the velocity 
distribution points. However, since the computed values of f for the 51-inch 
tests are not all identical, there will be a variation in velocity distribution 
curves which can be shown by an enveloping band, The attached chart, Figure 
VIII, shows this band of velocity distribution points, and similar bands com- 
puted for van Karman’s and Pradtl’s equations. Selection of band limits was 
made from the observed data by taking the two flow rates which showed the 
highest and lowest ratios of V__ for any point on the average velocity 

V max 
curves. The Prandtl and von Karman distributions were then computed from 
the same flow rates. 

It will be evident that the total flow represented by the theoretical curve 
distributions of Prandtl] and von Karman exceeds the flow measured by the 
pitot tube. This is confirmed by comparing the integration of the theoretical 
curves with the flows computed from the pitot traverses, The Prandtl curve 
gives flow values frora .05 per cent less than pitot values to 3.2 per cent 
greater than pitot values, averaging 1.4 per cent greater than the pitot valucs, 
The von Karman curve gives flow values from 1,9 per cent greater to 5.0 per 
cent greater than pitot values, averaging 3.3 per cent greater. This relatively 
small deviation is exaggerated in the band distribution graph by printing only 


the upper half of the complete range of the : ratio. 


max 
To complete the picture, it is only fair to record the failures as well as 
the apparent successes, The failure was the attempt to obtain velocity trav- 
erses in the 123-inch line at moderate velocities. 
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At the time of the test installations, materials and man power were con- 
trolled or scarce due to war demands. Hence, a pitot tube supported in the 
123-inch line in a similar manner to that used in the 51-inch line, or support- 
ed in any rigid fashion, was out of the question even if it were mechanically 
feasible. As a substitute, support systems of tightly stretched wires were 
attempted. 

The first system was comprised of two parallel 12 gage steel wires 
stretched across the 123-inch pipe. Metal spacers were attached between the 
wires at 6-inch intervals, the spacers having holes drilled in the center to 
receive and support a pitot tube of 3/16" diameter provided with a tapered 
nose and a flush orifice just above the taper. Full diameter traverses were 
anticipated and the gas system of pressure transmission was used as in the 
51-inch line tests, 

Operating results of this installation were not satisfactory, primarily due 
to vibration in the support system and probably in the pitot tube as well. 
When flow of water was started, a low-pitched tone of considerable volume 
would become apparent. This tone would rise similar to that of a siren until 
some supersonics were undoubtedly present. Some time during this sequence 
the support wires would fail, presumably by fatigue, and then the pitot tube 
would bend at the pipe wall and that attempt at testing would be finished until 
the support system was replaced, Generally speaking, the failure of the sup- 
port wires was at or close to the pipe wall, and the spacers would be broken 
loose from the wires, A similar support system of three wires spaced to be 
tangent to the pitot tube and held by spacers at one-foot intervals was also 
unsuccessful for the same reasons, 

Fragmentary data was obtained by probing with an unsupported pitot tube 
within about three inches from the wall, but even here, vibration was so se- 
vere that the results were not dependable. 


Conclusions 


The foregoing descriptive report was prompted by the desire to make 
available to the engineering profession the results of a series of tests under- 
taken over several years, It was believed that the range of test values cov- 
ered would extend information then available to cover a greater range and 
possibly verify extensions of theoretical curves. Although the test results 
show a variability much greater than would be acceptable under closely con- 
trolled laboratory conditions, it is felt that they compare favorably with sim- 
ilar field-type experiments, 
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